The polycyclic aromatic hydrocarbon benzo [a]pyrene (B[a]p), was first isolated from coal tar and characterized by Cook et al. 1) B[a]p is one of the most prevalent environmental carcinogens to which humans are exposed. B [a]p is a very effective carcinogen which interacts with membrane lipids and consequently induces free radical formation.
) and hydroxyl radicals (HO˙), that contains an unpaired electron, and non-radical molecules such hydrogen peroxide (H 2 O 2 ). ROS are constantly generated and eliminated in the biological system, and play important roles in a variety of normal biochemical functions and abnormal pathological processes. Growing evidence suggests that cancer cells exhibit increased intrinsic ROS stress, due to in part with oncogenic stimulation and increased metabolic activity. 5) Antioxidants are molecules that prevent or inhibit the oxidation process mediated by ROS. In addition to many small antioxidant molecules, there are many antioxidant proteins in vivo. Superoxide dismutase (SOD) is one of the primary antioxidant enzymes. This family of enzymes catalyzes the dismutation of O 2 to H 2 O 2 . Hydrogen peroxide is further detoxified to water by catalase and glutathione peroxidase. There are three isoforms of SOD in human cells: copper-zinc SOD, found predominantly in the cytoplasm; extracellular SOD; and MnSOD, which exists primarily in the mitochondrial matrix.
Mitochondrial inner membrane is impermeable to all molecules including charged ions. The complex process of ATP synthesis occurs at the inner mitochondrial membrane through the donation of electrons by nicotinamide adenine dinucleotide (NAD) or flavine adenine dinucleotide (FAD) equivalents generated by the tricarboxylic acid (TCA) cycle. These electrons passes along a series of molecular complexes known as the electron transport system. Simultaneously, protons are transferred across the inner membrane at complexes I, III and IV to establish a trans-membrane gradient of electrical charge known as the membrane potential. 6) The enhanced susceptibility of membrane to LPO can lead to loss of adenosine triphosphatases (ATPases) activity and changes in cell functions. 7) ATPases are lipid dependent membrane bound enzymes, which are involved in active transport, of ions inside and outside of mitochondria thereby properly maintaining the electrical and chemical gradients in mitochondria.
Saffron is the red dried stigmas of Crocus sativus L. flowers and used both as a spice and as a drug in traditional therapeutic. The biological activity of saffron in modern medicine is in development. Its numerous applications as an antioxidant and anti-cancer agent have been reviewed. 8) Crocetin is a saffron plant carotenoid, which acts in various ways on biological system, numerous studies have demonstrated a variety of pharmacological actions for crocetin. [8] [9] [10] Therefore an attempt was made to study the modulating role of crocetin in lung mitochondria. The eight and eighteen weeks of crocetin treatment was used to study the oxidative mitochondrial dysfunction of B[a]p in the experimental animals.
MATERIALS AND METHODS

Chemicals
Biochemical Analysis At the end of the experimental period, the animals were killed by cervical decapitation. Lung tissues were collected; immediately excised, weighed and then homogenized in Tris-HCl buffer 0.01 M (pH 7.4). These homogenates were taken for the analyses described later.
Estimation of ROS Levels The levels of ROS such as superoxide anion and H 2 O 2 were measured in lung by the method of Nishikimi et al. 11) and Wolff, 12) respectively. Hydroxyl radical level in lung was measured by the method of Gutteridge.
13) Reduced glutathione (GSH) was determined by the method of Moron et al. 14) Estimation of MDA Levels The animals were fasted overnight and killed by cervical decapitation and blood was collected with 3.7% trisodium citrate, as anticoagulant (0.1 ml), was used for erythrocyte isolation. Plasma was separated by centrifugation at 2000ϫg for 20 min. The packed cells were washed thrice with physiological saline and the plasma free red cells were used for the analysis. The levels of lipid peroxides were assayed by the method of Ohkawa et al. 15) in both plasma free red cells and lung tissues. Determination of ATPases Activity Lung tissues were collected immediately excised, weighed and then homogenized in Tris-HCl buffer 0.1 M (pH 7.4). Erythrocyte membranes were isolated according to the method of Dodge et al. 16) Aliquot of this was taken for the estimation of protein and membrane ATPases.
Activity of Na ϩ , K ϩ -ATPase was estimated by the method of Bonting.
17) The activity of Ca 2ϩ -ATPase was assayed according to the method of Hjerten and Pan.
18) The activity of Mg 2ϩ -ATPase was assayed by the method of Ohnishi et al. 7) The inorganic phosphorus was estimated according to the method of Fiske and Subbarow. 19) Mitochondrial Isolation At the end of the experimental period, the animals were killed by cervical decapitation.
Lungs were immediately excised, weighed and then used for the isolation of mitochondria. The mitochondria were isolated by the method of Mustafa et al. 20) and Johnson and Lardy. 21) A 10% homogenate was prepared in 0.25 M sucrose and centrifuged at 600ϫg for 10 min. The supernatant fraction was decanted and then again centrifuged at 15000ϫg for 10 min. The resultant mitochondrial pellet was then washed and resuspended in 0.25 M sucrose. The purity of the mitochondria were estimated by assaying the activity of succinnate dehydrogenase (SDH) and used for further analyses. Total protein of the lung mitochondrion was estimated by the method of Lowry et al.
22)
Assay of Mitochondrial Enzymes Isocitrate dehydrogenase activity was assayed according to the method of King.
23)
The activity of a-ketoglutarate dehydrogenase was assayed by the method of Reed and Mukkerjee. 24) Succinate dehydrogenase was assayed according to the method of Slater and Bonner. 25) Malate dehydrogenase (L-malate: NAD oxidoreductase) was assayed by the method of Mehler et al. 26) The activity of electron transport chain complex I and complex II were assayed by the method of Birch-Maching et al.
27) The activity of complex III was assayed by the method of Krahenbuchl et al. 28) and the activity of complex IV was assayed by the method of Capaldi et al. 29) and Smith et al.
30)
Mitochondrial Membrane Potential Mitochondrial membrane potential was monitored by fluorescence of Rh123 released from the mitochondria. 31 ) Mitochondria (1 mg/ml of protein) were incubated for 1.5 min at 20°C with Rh123 in basic reaction medium containing 150 mM sucrose/5 mM MgCl 2 /10 mM disodium succinate/2.5 mM rotenone/2 mM K buffer/20 mM potassium HEPES buffer (pH 7.4). After centrifugation for 2 min at 10000ϫg, free dye in the supernatant was determined using fluorescence spectrometer at an excitation wavelength of 495 nm and an emission wavelength of 535 nm.
Measurement of Membrane Fluidity Mitochondrial membrane was isolated by the method of Chan et al. 32) and the membrane fluidity was measured by the method of Yu et al. 33) Mitochondrial membrane (50 mg protein) was suspended in Tris-HCl buffer (pH 7.4) containing TMA-DPH (1,4-L-trimethylammoniumphenyl-6-phenyl-1,3,5-hexatriene). Samples were excited at 360 nm and emission intensity was read at 435 nm using fluorescence spectrophotometer. Fluidity is expressed as change in polarization.
HPLC Analysis for 8-Hydroxy-2-deoxyguanosine (8-OHdG) in Lung DNA DNA from mouse lung tissue was obtained by a chloroform-isoamyl alcohol extraction of proteinase K-digested lung homogenates.
34) The purified DNA was then hydrolyzed to nucleosides with nuclease P1 and alkaline phosphatase. Samples were analyzed for 8-OHdG and 2-deoxyguanosine (2-dG) by HPLC coupled with coulometric electrochemical and ultraviolet detection. Sample analysis was done with a 4.6ϫ150-mm, C-18 reverse-phase column (YMC basic, YMC, Wilmington, NC, U.S.A.) with a mobile phase of 100 mM sodium acetate in 5% methanol at pH 5.2. 2-dG was detected by ultraviolet light at 265 nm, whereas 8-OHdG was detected electrochemically with electrode potentials of 285, 365 and 435 mV. Under these conditions, 2-dG and 8-OHdG had retention times of ca. 7.4 and 9.5 min, respectively. Nucleoside concentrations were calculated from standard curves generated daily with freshly prepared stan-dards.
Protein Extraction and Western Blot Analysis Tumor tissue samples were homogenized on ice in lysis buffer 300 ml of (20 mM HEPES/NaOH, pH 7.5, 250 mM sucrose, 10 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 1 mM DTT, protease inhibitor cocktail) 1 h at 4°C. Lysates were centrifuged at 14000 g for 20 min at 4°C. The supernatants containing 20-50 mg of protein were mixed with sample buffer and boiled for 5 min. Protein concentration was determined with a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, U.S.A.). For Western blot analysis, aliquots containing 20-50 mg proteins were separated by SDS-polyacrylamide gel electrophoresis and then electrotransferred to a nitrocellulose membrane (Schleicher & Schuell, Keene, NH, U.S.A.). The membranes were subjected to immunoblot analysis and proteins were visualized by the enhanced chemiluminescence (ECL) method (Amersham Corp., Arlington Heights, IL, U.S.A.). For normalization of loading, the same membrane was soaked in stripping buffer (62.5 mM Tris-HCl, pH 6.8, 150 mM NaCl, 2% SDS, 100 mM b-mercaptoethanol) at 65°C for 30 min and hybridized with b-actin antibody.
Statistical Analysis For statistical analysis, one-way analysis of variance (ANOVA) was used, followed by the Newman-Keuls multiple comparison test. Table 1 represents the levels of ROS such as superoxide anion, H 2 O 2 , hydroxyl radical in lung mitochondria of control and experimental animals, respectively. ROS levels were found to be significantly increased in cancer bearing animals when compared to that of control animals, which were found to be reverted back in crocetin treated animals. Figure 1 shows the extent of lipid peroxides in plasma and lung mitochondria. Increased levels of LPO was noticed to be significant in lung of B[a]p induced animals while crocetin treated animals showed a significantly reduced lipid peroxides levels when compared with cancer bearing animals. Figure 2 depicts the membrane ATPases. The decrease in ATPase level was observed in B[a]p induced animals, treatment of crocetin for a period of 8 and 18 weeks drastically increased the levels of ATPases by 40% and 60% in group III and group IV animals. Figure 3 shows the levels of Na/K levels probably by preventing free radical induced membrane damage. Figure 4 shows decreased level of reduced GSH in lung mitochondria of carcinogenesis bearing animals (G-II). These adverse changes were reversed to near normal values in crocetin treated Group III and Group IV animals. However, the crocetin alone treated animals (G-V) did not show any significant changes when compared with control animals (G-I). Table 2 represents the effect of crocetin on the activities of mitochondrial enzymes in the lung of control and experimental animals. The activities of the enzymes alpha-KGDH, ICDH, SDH and MDH were found to be significantly (pϽ0.001) decreased in carcinogen treated animals (G-II) when compared with the control animals (G-I). On treatment with crocetin (G-III) there found to be a significant increase in the activities of the mitochondrial enzymes when compared with cancer bearing group. Post treatment of crocetin (G-IV) caused a moderate differences (pϽ0.05) when compared with the (G-III) crocetin treated animals. However, there found to be no significant difference in the activities of the mitochondrial enzymes between the control animals and the control animals treated with the crocetin. Table 3 depicts the effect of crocetin on the activities of electron transport chain complex enzymes in the lung of control and experimental animals. The activities of all the four complexes were found to be significantly (pϽ0.001) decreased in cancer induced Group II animals when compared with the control animals (G-I). Crocetin (G-III, G-IV) administration caused a significant increase in the activities of these complexes when compared with the cancer bearing group. However, there found to be no significant difference in the activities of the electron transport chain complexes between the control animals and the control animals treated with crocetin. Figure 5 shows the membrane potential of control and treated mice. A significant decrease (pϽ0.001) in the levels was observed in lung of B[a]p induced animals. The fluidity levels as well as the membrane permeability were normalized upon treatment with crocetin.
RESULTS
8-OHdG in lung DNA of mice treated with single dose B[a]p and the effect of crocetin as shown in Fig. 6. B[a] p treatment increased the levels of 8-OHdG (pϽ0.001) relative to control levels. Formation of 8-OHdG was significantly inhibited in Group III and Group IV.
The concentrations of MnSOD immunoreactive protein expressed in lung mitochondria were assessed via Western blot analysis. The greatest changes demonstrated were in the MnSOD immunoreactive protein, which were decreased from nearly 4-to lesser than 2-fold in the B[a]p administered as measured by densitometric analysis.
DISCUSSION
The production of O 2 Ϫ and O 2 derived metabolites is a highly controlled process. Superoxide radicals are constantly generated during respiration and can be converted to H 2 O 2 and other reactive oxygen species. Mitochondria are considered as the major source of cellular ROS 35) may promote cellular growth and proliferation and contribute to cancer development. 36) ROS formed during B[a]p metabolism or secondarily during tumor formation can diffuse from the site of generation to other targets within the cells or even propagate the injury to other intact cells. These ROS produce deleterious effects by initiating lipid peroxidation directly or by acting as second messengers for the primary free radicals that initiate lipid peroxidation. 37) Thus, the enhanced mitochondrial lung LPO in B[a]p-treated animals may be due to the generation of ROS exacerbated by decreased efficiency of host antioxidant defense mechanisms.
Reduced glutathione, which is a substrate for glutathione peroxidase, neutralizes hydroxyl radicals and singlet oxygen.
Since it is present in high concentration in the cells, it protects cells from free radical attack.
38) The decreased levels of reduced GSH observed during B[a]p administration might be due to the excessive utilization of vitamins E and C in scavenging the free radicals formed during the metabolism of B[a]p. Crocetin treatment effectively restored the depleted levels of reduced GSH caused by B[a]p. Increase in GSH levels in turn contributes to the recycling of other non-enzymic antioxidants such as vitamin E and vitamin C. 39) This shows that crocetin maintains the levels of antioxidant vitamins by maintaining GSH homeostasis and directly detoxifying ROS, thereby protecting the cells from further oxidative stress.
Lipid peroxidation changes the activities of various enzymes. ATPases are very sensitive to peroxidation reactions and abnormal lipo peroxides affect ATPase activities. The membrane bound enzyme such as Na 40) The ATPase in lung tissues have been found to be inhibited in carcinoma bearing animals. The decreased activity of Na ϩ /K ϩ and Mg 2ϩ ATPase in lung of B[a]p induced animals may be due to increased LPO which is found in cancer conditions. Peroxidation of membrane lipids initiates the loss of membrane integrity and membrane bound enzyme activity, which in turn leads to a disruption in cellular homeostasis. 41) The restoration of all the three ATPases activities to near normal values was observed in crocetin treated animals. This may be due to the improvement in status of GSH as seen in Fig. 4 and as well as normalization of lipid peroxides upon crocetin treatment as evidenced from Fig. 1 .
ROS generation is thought to be associated with the malfunction of the mitochondrial respiratory chain and disengagement as well as alteration in mitochondrial trans-membrane potential and membrane permeability. 42) B[a]p administration increased the levels of damage to mitochondria membrane. This study further supports the activity of ATPases observed in B[a]p induced animals. Crocetin proves to maintain membrane architecture by normalizing mitochondrial potential and maintaining the intact ion concentration which further proves the data obtained in crocetin treated (G-III and G-IV).
Electron transport between electron transport chain complexes I-IV is coupled to the extrusion of protons across the inner mitochondrial membrane by proton pump components of the respiratory chain. Cytochrome c oxidase and NADH dehydrogenase are the mitochondrial enzymes involved in electron transport chain complexes that plays an important role in producing energy rich compounds such as ATP.
In the present study we have observed decreased activities of TCA cycle key enzymes such as ICDH, SDH, MDH and alpha-KGDH in B[a]p administered animals. Decreased activities of these enzymes might be due to the alterations in cancer cell morphology, ultra structure and ability of mitochondria to undergo metabolic changes and also the number of mitochondria was drastically reduced. The decrease in mitochondria enzymes might be due to the marked deficiency in one or more electron transport chain components. 43) This directly correlates the depletion of complexes I-IV observed in B[a]p administration. Crocetin treated groups showed a significant increase in the activities of ICDH, SDH, MDH and alpha-KGDH when compared with Group II animals.
Excess intracellular ROS (mainly superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet oxygen) may oxidize macromolecules, leading to lipid peroxidation, protein oxidation and DNA base oxidation. Guanine is the most easily oxidized DNA base because it has the least oxidation potential of the four bases. 44) 8-OHdG, an oxidized form of guanine formed by reaction with ROS, represents a major type of DNA oxidative damage and serves as a potential marker of oxidative DNA damage. 45) Several studies have shown a correlation between DNA adduct levels in blood and tissue and cancer risk. [46] [47] [48] Consequently, B[a]p is a major carcinogen implicated in the aetiology of lung cancer, causing DNA damage through its metabolite B[a]p diol epoxide (BPDE). 46, 49) Decreased MnSOD levels in B[a]p treated group leads to increased ROS levels in mitochondria, thus increasing the susceptibility of cells to oxidative stress. ROS have been implicated in many cancers. Therefore, MnSOD expression plays a pivotal role in protecting cells from ROS-induced oxidative damage in crocetin treated groups. As the sole SOD of the mitochondrial matrix, MnSOD reduces intracellular oxidative stress and confers resistance to oxidative stress-induced mitochondrial dysfunction, permeability transition and apoptotic death in various disease contexts (reviewed in ref. 50 ). As such, MnSOD overexpression has been associated with extension of lifespan. 51, 52) In addition, overexpression of MnSOD has been reported to inhibit cancer cell growth. Interestingly, most of these same observations have been made for crocetin. We therefore propose that the crocetin-mediated induction of MnSOD may be an important mechanism by which this carotenoid confers its mitochondrial protective effects.
Decrease in the mitochondrial membrane potential, impairment of the mitochondrial respiratory chain, and depletion of ATP are characteristic consequences of oxidative stress. 53) In our present study B[a]p administered animals showed increased ROS levels and decreased levels of mitochondrial membrane, impairment of respiratory chain and ATP depletion. In conclusion, our results demonstrate that treatment with crocetin can modulate the profiles of ATPases and lipid peroxidation the modulatory activity of crocetin in TCA cycle enzymes and electron transport chain complexes was observed. The selective action of crocetin on stabilization of membrane bound enzyme profiles and lipid peroxidation in damaged lung may account for its inhibitory effect on cancer cells. The scavenging of oxygen free radicals and the quenching effect on 8-OHG formation may be responsible for protective effect. Crocetin treatment markedly stabilized the damage caused by B[a]p to the lung mitochondria and thereby maintained the mitochondria membrane in a healthy state. Crocetin 18 weeks treatment (G-III) proved to be more potent in protecting the mitochondrial oxidative damage when compared to crocetin 8 weeks treatment (G-IV). We speculate that pre-initiation (18 week period) pronounced to be stronger in treating lung of B[a]p induced animals induced by oxidative stress.
